Two electronic magnetic relaxation phenomena are reported for the manganese ferrite system, which are both explained by electron hopping processes between octahedral iron ions: the first one by hopping between Fez+ and Fe3+ ions with a Mn2+-ion as nearest neighbour and the second one by hopping between iron ions with only iron nearest neighbours.
Introduction
It has been well established that in highpermeability spinel ferrites. the dispersion of the dynamic magnetic permeability and the maxima in the loss factor are caused by electron diffusion between cations present in different valency states like e.g. the Fez+ and Fe3+-ions1q2). However, in the manganese ferrite system, MnxFe3-x04. two distinct electronic relaxation phenomena are observed around the composition x = 0 . 8 . with activation energies of 0.015 and 0.06 eV. respectively3). The assignment of these two relaxations to elementary processes is still controversial: inter-and intra-atomic electron transitions between the Fe-ions are claimed as one interpretation. whereas electron transitions between iron ions and/or manganese ions are another4). In the present paper, the composition dependence of the electronic magnetic relaxations in the manganese ferrite system is reported and compared with the analogue Zn ferrite system, from which indications about the origin of the two relaxation processes in the Mn-system are obtained.
Experimental
Polycrystalline manganese and zinc ferrous ferrites toroids with inner and outer diameters of 30 and 35 mm. respectively, were prepared by ceramic techniques. Special precautions were taken to obtain single phase spinel material^^-^). The complex initial permeability was measured by means of a LCR resonance method, using coils wired on the ferrite toroids, in the temperature range of 4-300 K and frequency range of 20-500 kc/sec. For all the measurements the maximum value of the magnetic induction used in the experiments was 5. T. independent of the frequency. fig. 1 . where the temperature dependence of p' and p" is plotted for Zn0,4Fe2.60? at 95 kc/s. From the exponential shift of the maxima in p" with frequency, activation energies are determined as functions of the compositon of the ferrite. In fig. 2a and 2b. the imaginary part p" is plotted as a function of temperature with the manganese and zinc content X as a parameter. In the zinc ferrite system only one electronic relaxation phenomenon is observed, as can be seen from the single peak in the p"-T curve. In the manganese system, however. two relaxation phenomena A and B are observed for the compositons between 0.6 < x < 0.9, and only one for compositions with a lower manganese content x < 0.5. In fig. 3 the activation energy of the magnetic relaxation effect in the zinc ferrite system is compared with the energy determined from the manganese system; for the manganese composition between x = 0.6 and x = 0.9, the values for the low temperature effect A has been plotted. From the nearly identical values of the energies for the manganese and zinc concentration below x = 0.6 and the rather small and gradual changes in EA with increasing Mn-concentration, the conclusion seems to be obvious, that the electronic relaxation phenomenon observed in the zinc ferrite system and the phenomenon A in the Mn-system are due to the same mechanism, i.e. a transfer of electrons between adjacent Fe2+ and Fe3+ ions on the octahedral sublattice of the spinel structure. This conclusion is further supported by the fact that the Zn2+-ions are located on the tetrahedral sublattice of the spinel structure, which results in a concentration of (I-x)Fe2+ ions on the octahedral sites; In the manganese ferrous ferrites. the Mn2+-ions have also a tendency to be located on the tetrahedral sites8), which results in a nearly identical ionic configuration for the octahedral sublattice in both systems: (l-x)Fe2+ ions and ( I+x)Fe3+ ions.
Electrical conductivity measurements we performed on single crystals showed further that the composition dependence of activation energy for the conductivity behaves in a similar way as the magnetic activation energy, which is a strong evidence for the proposed Fe2+-Fe3+ electron exchange mechanism.
An additional evidence for the same origin of the Fe2+-Fe3+ relaxation in the zinc ferrite system and the mechanism A in the manganese system is the equal pre-exponential factor -r0 describing the exponential relaxation in both s stems: T~= T exp-E'kT:
with T~ varying between 10-1z-10-9 s depending on X (Mn2+ o r Zn2+ concentration). Now, it seems apparantly to attribute the mechanism B in the manganese system to the occurrence of an increasing number of octahedral Mn2+, as it is known that for x = 1.0 up to 202 of the manganese ions can be located on the octahedral lattice. depending on the thermal treatment of the specimens8). In order to study this in more detail, we performed permeability measurements on a specimen Mng.gFe2.204 after different thermal treatments to change the octahedral Mn-concentration. As the absolute value of p*' can also depend on the value of p', due to the microstructure of the specimens, the loss tangent 6 = p ' ' / t~' is now plotted in fig. 4 1. As prepared and cooled from 130OOC to room temperature in 2 hours. 2. Annealed at 800°C in sealed silica tube, and cooled within 30 minutes to room temperature. 3 . As 2 but quenched to room temperature.
The peak in the p**-T curve for the relaxation A in the Mn-system can be fitted by one single exponential relaxation, which means that there does not exist a distribution of relaxation times for this mechanism. The same sharp relaxation was observed for the Zn-system but a similar investigation of the relaxation in e.g. nickel ferrous ferrites showed substantial broadening of the p"-T peak indicating a distribution in relaxation times for the Ni-ferrous ferrite systemlo). The different behaviour of the Zn and Mn ferrites on one side and of the nickel ferrite system on the other can be related to the inverse structure of the nickel ferrites. The Ni2+ ions are located on the octahedral sites, by which the electronic energy levels of the iron-nearest neighbours will be influenced by the deviating charge of the Ni2+ ion. In fact, one expects the activation energy for the electron transfer between the iron ions to depend on the number of Ni2+ nearest neighbours, and since the Ni2+ and iron ions will be statistically distributed on the octahedral sites, a distribution in relaxation times is expected. In the zinc ferrites only electronic and no static ionic disorder on the octahedral sites is possible, closely related to the Fe2+ and Fe3+ charge distribution and only one single relaxation time is expected for the electron hops between the adjacent iron ions. For the manganese ferrites we have more or less the same situation as for the zinc ferrites. with an exception for larger Mn concentrations between x = 0.5 and 1.0, where some most obvious explanation of the mechanism tor relaxation B is an electron transfer between Fez+ and Fe3+-ions which are adjacent to an octahedral Mn2+-ion. h e to the bivalent manganese ion and the relative large diameter of the Mn2+-ion. there must be a distinct effect upon the energy levels of the neighbouring iron ions, which results in a quite different relaxation time for an electron hop between Fez+ and Fe3+-ions with or without a manganese nearest neighbour.
For the composition x = 0.8 about 5% of the octahedral sites are occupied by Mn2+ ions7). which seems to be an optimum for the simultaneous appearence of relaxation A and B. power' measurements have b e e n made on s i n g l e c r y s t a l s of manganese f e r r i t e s , MnxFeg.404
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